Significance StatementThe results of the multiple clinical trials are very exciting and suggest that human cardiac stem cell (hCSC) therapies may revolutionize the treatment of heart failure in patients with ischaemic cardiomyopathy. However, due to the very low level of donor cell survival after transplantation, it is crucial to find strategies that enhance cardiac stem cell survival. We previously showed that in vitro preconditioning of hCSCs with a small molecule, cobalt protoporphyrin (CoPP), a heme oxygenase‐1 inducer, enhances resistance to apoptosis through activation of the survival signaling pathway and release of various cytokines. Here, we examine the in vivo relevance of these observations. We demonstrate that preconditioning hCSCs with CoPP leads to a significant increase in the in vivo cell survival and/or proliferation after transplantation in the infarcted heart, a greater attenuation of ventricular remodeling, and improvement of cardiac function, suggesting that preconditioning cells with CoPP may enhance the effectiveness of cell therapy for heart disease. Our results indicate that pretreatment of hCSCs with CoPP may be a simple, safe, and effective intervention to augment the utility of CSC therapy.

Introduction {#stem2198-sec-0001}
============

Stem cell‐based therapies have considerable potential for repairing cardiac damage due to ischemia/reperfusion injury [1](#stem2198-bib-0001){ref-type="ref"}, [2](#stem2198-bib-0002){ref-type="ref"}. Among the many types of cells being investigated, c‐kit^+^ cardiac stem cells (CSCs) appear to be particularly promising because they normally reside in the adult myocardium and have been reported to be capable of differentiating into all three major cardiac cell types (cardiomyocytes, smooth muscle cells, and endothelial cells) and improving cardiac function after myocardial infarction (MI) in an animal model [3](#stem2198-bib-0003){ref-type="ref"}. In the past decade, results from several independent laboratories have clearly demonstrated the ability of human and rodent CSCs to promote cardiac regeneration and attenuate MI‐induced left ventricular (LV) dysfunction and remodeling in various animal models [4](#stem2198-bib-0004){ref-type="ref"}, [5](#stem2198-bib-0005){ref-type="ref"}, [6](#stem2198-bib-0006){ref-type="ref"}, [7](#stem2198-bib-0007){ref-type="ref"}, [8](#stem2198-bib-0008){ref-type="ref"}, [9](#stem2198-bib-0009){ref-type="ref"}, [10](#stem2198-bib-0010){ref-type="ref"}, [11](#stem2198-bib-0011){ref-type="ref"}. These encouraging results led to the first clinical trial of c‐kit^+^ CSCs, cardiac stem cell infusion in patients with ischemic cardiomyopathy (SCIPIO) [12](#stem2198-bib-0012){ref-type="ref"}, [13](#stem2198-bib-0013){ref-type="ref"}, whose initial results were encouraging. However, many challenges remain before CSC‐based therapies become a clinical reality. One of the main problems is the very poor survival of donor cells. In mice with MI, it has been shown that \>90% of transplanted CSCs die within a week and \>95% by 5 weeks [14](#stem2198-bib-0014){ref-type="ref"}, [15](#stem2198-bib-0015){ref-type="ref"}; it is self‐evident that this massive loss of cells limits their effectiveness as a therapy. Strategies that enhance CSC survival after adoptive transfer would have significant therapeutic implications for patients with ischemic heart disease and post‐MI heart failure.

One of the strategies to increase cell survival is to "precondition" (or prime) the cells with a variety of techniques, including heat shock of the cells prior to transplantation, forced expression of survival factors in the donor cells, and exposure of cells to soluble pro‐survival factors [6](#stem2198-bib-0006){ref-type="ref"}, [16](#stem2198-bib-0016){ref-type="ref"}, [17](#stem2198-bib-0017){ref-type="ref"}, [18](#stem2198-bib-0018){ref-type="ref"}. In this study, we have explored the utility of a new approach---the induction of heme oxygenase‐1 (HO‐1). HO‐1 is a stress‐inducible protein that degrades heme, producing equimolar quantities of biliverdin (which is converted to bilirubin by biliverdin reductase), iron, and carbon monoxide (CO) [19](#stem2198-bib-0019){ref-type="ref"}. HO‐1 induces cellular protection in diverse conditions, such as injury, inflammation, and oxidative stress [20](#stem2198-bib-0020){ref-type="ref"}, [21](#stem2198-bib-0021){ref-type="ref"}, [22](#stem2198-bib-0022){ref-type="ref"}. Mounting evidence indicates that HO‐1 exerts important protective functions in the cardiovascular system, which is ascribed to its end products, biliverdin and CO [22](#stem2198-bib-0022){ref-type="ref"}, [23](#stem2198-bib-0023){ref-type="ref"}. One of the most potent inducer of HO‐1 is cobalt protoporphyrin (CoPP) [24](#stem2198-bib-0024){ref-type="ref"}. Previous studies have shown that CoPP enhances the survival of cardiomyocytes and restores contractility to unvascularized three‐dimensional adult cardiomyocyte grafts implanted in vivo [25](#stem2198-bib-0025){ref-type="ref"} as well as protects the heart from ischemic damage in both normal and diabetic rats [26](#stem2198-bib-0026){ref-type="ref"}. We have previously reported that preconditioning hCSCs with CoPP promotes cell survival and resistance to oxidative stress in vitro [27](#stem2198-bib-0027){ref-type="ref"}. The mechanism appears to involve activation of survival signaling pathways such as the ERK/NRF2 pathway as well as paracrine effects via increased release of cytokines [27](#stem2198-bib-0027){ref-type="ref"}. In this study, we investigated whether preconditioning hCSCs with CoPP enhances in vivo hCSC survival and improves cardiac function and structure after transplantation into the infarcted heart of severe combined immunodeficiency (SCID) mice.

Materials and Methods {#stem2198-sec-0002}
=====================

Detailed methodology is provided in the online‐only Data Supporting Information. The protocol for this study is shown in Figure [1](#stem2198-fig-0001){ref-type="fig"}E. Briefly, 7 days before MI, parameters of LV function and dimensions were measured by echocardiography in SCID immunodeficient mice. MI was induced by a 45‐minute coronary occlusion followed by reperfusion. At 30 minutes of reperfusion, mice were randomly allocated to three groups to receive intramyocardial injections of (a) F12 medium only (vehicle control group); (b) nonpreconditioned hCSCs (hCSC group); and (c) hCSCs preconditioned with CoPP (PC‐hCSC group). Four intramyocardial injections were performed in the border zone as indicated in Supporting Information Figure S3A. In a subset of mice, the heart was harvested to assess hCSC survival at different time points (5 minutes, 24 hours, and 7 and 35 days) following cell transplantation. The rest of the mice were used to evaluate cardiac function and structure by echocardiography and hemodynamic studies as well as by histological studies after 35 days. To quantify the number of c‐kit^+^ hCSCs that survived in the mouse heart following transplantation, we constructed a standard curve based on the human‐specific gene HLA‐A, a unique endogenous marker that we used as a probe for human cells [14](#stem2198-bib-0014){ref-type="ref"}, [15](#stem2198-bib-0015){ref-type="ref"}, [28](#stem2198-bib-0028){ref-type="ref"} (Fig. [1](#stem2198-fig-0001){ref-type="fig"}C). The standard curve (Fig. [1](#stem2198-fig-0001){ref-type="fig"}D) was established with a known ratio of hCSCs and mouse heart genomic DNA, and the cycle threshold (*C* ~t~) value derived from real‐time qPCR. This assay is a modification of our previous method [14](#stem2198-bib-0014){ref-type="ref"} and is based on the assumption that each diploid mouse cell contains ∼7.2 pg genomic DNA and each diploid human cell contains ∼7.7 pg genomic DNA.

![Increased in vivo survival of hCSCs after preconditioning with CoPP. **(A)**: Confocal images show that 100% of hCSCs are GFP‐positive cells (green) after infection with a lentivirus expressing GFP, while CoPP‐preconditioned hCSCs show positive staining for HO‐1 (red). **(B)**: Western blot shows significant upregulation of HO‐1 expression after 12‐hour preconditioning with CoPP. **(C)**: Gel images of PCR products from mouse or human genomic DNA show the unique gene expression of HLA‐A only in human cells, including hCSCs and HUVEC. **(D)**: To determine the number of hCSCs that survived in the SCID mouse hearts, a standard curve was set up with the *C* ~t~ values (cycle threshold) from qPCR reactions for a series of known ratios of hCSC and SCID mouse heart genomic DNA. **(E)**: Protocol for in vivo studies of transplantation of preconditioned hCSCs into SCID mice following myocardial infarction. **(F)**: A significant increase in the number of surviving hCSCs was observed at 24 hours, 1 and 5 weeks after hCSC transplantation of CoPP‐preconditioned cells compared with control cells. Data are means ± SD. Abbreviations: CoPP, cobalt protoporphyrin; GFP, green fluorescent protein; hCSCs, human cardiac stem cells; HO‐1, heme oxygenase‐1; HUVEC, human umbilical vein endothelial cells.](STEM-33-3596-g001){#stem2198-fig-0001}

Results {#stem2198-sec-0003}
=======

Preconditioning hCSCs with CoPP Enhances In Vivo Cell Survival and/or Proliferation {#stem2198-sec-0004}
-----------------------------------------------------------------------------------

hCSCs were isolated from right atrial appendages obtained from patients undergoing coronary artery bypass surgery, as described previously [12](#stem2198-bib-0012){ref-type="ref"}, [29](#stem2198-bib-0029){ref-type="ref"}. Our previous in vitro study has shown that preconditioning hCSCs with CoPP, an HO‐1 inducer, significantly increases resistance of cells to oxidative stress via the ERK/NRF2 signal pathway [27](#stem2198-bib-0027){ref-type="ref"}. Thus, we hypothesized that preconditioning hCSCs with CoPP may enhance in vivo cell survival and therapeutic efficacy after MI. Prior to transplanting cells into the mouse hearts, purified c‐kit^+^/Lin^−^ hCSCs were first labeled with eGFP by transduction with a lentivirus carrying the eGFP gene. As shown in Figure [1](#stem2198-fig-0001){ref-type="fig"}A, more than 98% of the cells were eGFP positive, which was also confirmed by fluorescence‐activated cell sorting analysis (data not shown). Immunostaining with an HO‐1 antibody demonstrated a significant increase in HO‐1 expression following a 12‐hour preconditioning with CoPP; this was confirmed by Western blot (Fig. [1](#stem2198-fig-0001){ref-type="fig"}B). The cells maintained \>95% viability for up to 60 minutes in basal medium, which was the vehicle used for the transplanted cells used in the following sections (Supporting Information Fig. S1). Furthermore, the cells maintained a high c‐kit positivity (up to 87%) in vitro for 19 passages (Supporting Information Fig. S2), similar to our previous results [29](#stem2198-bib-0029){ref-type="ref"}. The cells used in the following studies were expanded for less than 15 passages.

In order to examine the number of cells that remain in vivo, we used the standard curve shown in Figure [1](#stem2198-fig-0001){ref-type="fig"}D. Genomic DNA was isolated from tissue harvested from three different regions (left ventricle, right ventricle, and atria) at 5 minutes, 24 hours, and 7 and 35 days after cell transplantation. After real‐time qPCR with HLA‐A primers for individual genomic DNA samples from different groups at various time points, the total number of hCSCs in the heart was calculated and compared based on the standard curve (Fig. [1](#stem2198-fig-0001){ref-type="fig"}D) and the C~t~ value. As shown in Figure [1](#stem2198-fig-0001){ref-type="fig"}F and Supporting Information Figure S3B, compared with the hCSC group, in vivo survival of preconditioned hCSCs showed no difference at 5 minutes following transplantation. However, a more than fivefold increase in the number of hCSCs was observed in the CoPP‐preconditioned group at 24 hours. Although the number of hCSCs decreased dramatically after the first few days, the PC‐hCSC group exhibited an approximately four‐ and eightfold greater abundance of CSCs in the heart than the hCSC group at 1 and 5 weeks after transplantation, respectively. Importantly, in the hCSC group (Fig. [1](#stem2198-fig-0001){ref-type="fig"}F and Supporting Information Fig. S3B, red columns), 81.5% of the hCSCs present in the LV at 5 minutes were lost in the ensuing 24 hours, and only 3.2% of the CSCs present at 5 minutes could still be found in the LV at 7 days after transplantation. By 35 days, only 0.18% of the cells present at 5 minutes were detected in the heart. In the preconditioned hCSC group (Fig. [1](#stem2198-fig-0001){ref-type="fig"}F and Supporting Information Fig. S3B, blue columns), 101.8% of the hCSCs present in the LV at 5 minutes remained in the heart at 24 hours after transplantation, indicating that the rate of cell proliferation exceeded the rate of cell loss. Furthermore, 12.6% of the CSCs present at 5 minutes could still be found in the LV at 7 days after transplantation, which is significantly greater than the hCSC group (12.6% vs. 3.2%, *p* \< .001). After 35 days, 1.35% of the cells present at 5 minutes were detected in the heart, which was still more than the hCSC group (1.35% vs. 0.18%, *p* \< .005). No hCSCs could be detected in the right ventricle or atria at any time points (data not shown). Taken together, these data suggest that preconditioning hCSCs with CoPP significantly enhanced in vivo hCSC survival and/or proliferation.

To independently verify these conclusions, the number of hCSCs was assessed by staining LV sections harvested at 39 days with antibodies specific for green fluorescent protein (GFP) or human nuclear antigen (HNA). The number of cells positive for either GFP or human HNA was counted and quantified with confocal imaging (Fig. [2](#stem2198-fig-0002){ref-type="fig"}). A few GFP^+^ cells did not show positive staining for human HNA (Supporting Information Fig. S4, yellow arrow) at 5 minutes following intramyocardial injection, which may be due to the focal plane, and an occasional HNA^+^ cell did not show positive staining for GFP (Supporting Information Fig. S4, white arrow). Quantitative analysis showed that the percentage of cells that were GFP^+^ and HNA^+^ was similar (Supporting Information Fig. S4B). At 39 days after intramyocardial injection, the number of either GFP^+^ cells or HNA^+^ cells in the risk region was significantly greater in the PC‐hCSC group compared with the hCSC group (Fig. [2](#stem2198-fig-0002){ref-type="fig"}), further confirming that CoPP preconditioning promoted in vivo hCSC survival and/or proliferation after transplantation.

![Confocal images showing increased survival of cobalt protoporphyrin (CoPP)‐preconditioned hCSCs in the infarcted mouse heart. Following immunostaining with antibodies against GFP (green), HNA (white), and α‐SA (red), as well as counterstaining nuclei with DAPI, representative confocal images show that in the CoPP‐preconditioned hCSC group **(D, E, F)** more cells are positive for both GFP and HNA compared to the control cell group **(A, B, C)**. Yellow arrows indicate cells positive for both GFP and HNA; purple arrows indicate cells positive only for GFP. Quantitative analysis showed a significantly greater number of surviving hCSCs in the preconditioned group compared with the nonpreconditioned cell group, as indicated by the more GFP^+^ cells **(G)** and HNA^+^ cells **(H)**. Data are means ± SD. Abbreviations: GFP, green fluorescent protein; hCSCs, human cardiac stem cells; HNA, human nuclear antigen; α‐SA, α‐sarcomeric actin.](STEM-33-3596-g002){#stem2198-fig-0002}

Intramyocardial Injection of PC‐hCSCs Alleviates LV Dysfunction and Remodeling {#stem2198-sec-0005}
------------------------------------------------------------------------------

### Echocardiographic Assessment {#stem2198-sec-0006}

Body weight and heart rate were similar in all groups at baseline and at 5 and 35 days after cell injection (Supporting Information Fig. S5). By experimental design, rectal temperature remained within a narrow, physiologic range (36.8--37.2°C) in all groups.

Echocardiography showed that the impairment in LV contractile performance at 5 days after reperfusion was comparable in all groups, indicating that the injury inflicted by ischemia/reperfusion was similar (Fig. [3](#stem2198-fig-0003){ref-type="fig"}). As expected, in the vehicle group between 5 and 35 days after reperfusion, the parameters of regional myocardial function, including anterior and apical wall longitudinal strain rate, and those of global LV performance (LV ejection fraction \[EF\]), exhibited either no change or deterioration (Fig. [3](#stem2198-fig-0003){ref-type="fig"}). In contrast, in the hCSC‐treated groups (both the group that received hCSC and that which received CoPP‐preconditioned hCSCs), LV EF was significantly greater than in the vehicle group at 35 days (Fig. [3](#stem2198-fig-0003){ref-type="fig"}A); in addition, both hCSC‐treated groups exhibited a significantly smaller LV end‐systolic volume (Fig. [3](#stem2198-fig-0003){ref-type="fig"}C) and greater LV anterior wall thickness (Fig. [3](#stem2198-fig-0003){ref-type="fig"}E) compared with the vehicle group. The attenuation of LV remodeling in the PC‐hCSC group was significantly greater than that in both the hCSC group and the vehicle group, as evidenced by the fact that left ventricular end diastolic volume (LVEDV) (Fig. [3](#stem2198-fig-0003){ref-type="fig"}B) was significantly reduced, and LV posterior wall thickness (Fig. [3](#stem2198-fig-0003){ref-type="fig"}F) was significantly increased in the PC‐hCSC group.

![Echocardiographic analysis. Serial echocardiographic studies were performed at BSL (4 days prior to coronary occlusion/reperfusion), 5 days after CSC treatment, and 35 days after CSC transplantation in the vehicle control group (*n* = 16), hCSC group (*n* = 11), and PC‐hCSC group (*n* = 14). Data are means ± SEM. Abbreviations: BSL, baseline; hCSCs, human cardiac stem cells; LV, left ventricular.](STEM-33-3596-g003){#stem2198-fig-0003}

The overall longitudinal strain rate was significantly increased in the PC‐hCSC group compared with both the vehicle and hCSC control groups at 35 days (Supporting Information Fig. S7). In a more detailed assessment, both the anterior and the apical wall longitudinal strain rates were significantly higher in the PC‐hCSC group compared with either the hCSC group or the vehicle group (Fig. [3](#stem2198-fig-0003){ref-type="fig"}G, [3](#stem2198-fig-0003){ref-type="fig"}H), whereas the longitudinal strain rates for the posterior wall, basal wall, and middle wall showed no difference (Supporting Information Fig. S8). Taken together, the echocardiographic data demonstrate that, compared with hCSCs or vehicle, PC‐hCSCs produced a greater improvement in LV remodeling and in regional wall motion in the infarcted region.

### Hemodynamic Measurements {#stem2198-sec-0007}

To independently assess the effect of intramyocardial injection of hCSCs on cardiac function, vehicle‐ and hCSC‐injected mice were subjected to hemodynamic studies using a Millar catheter. To prevent any after‐effects of the anesthesia used during the echocardiographic assessment 35 days after CSC transplantation, a 4‐day interval was allowed between echocardiographic and hemodynamic measurements; thus, the hemodynamic studies were performed just before euthanasia, 39 days after hCSC or vehicle administration.

As shown in Figure [4](#stem2198-fig-0004){ref-type="fig"}A, compared with the vehicle group, both the hCSC and PC‐hCSC groups exhibited a significantly greater LV EF, and there was no difference between these two groups. However, unlike the hCSC group, the PC‐hCSC group exhibited a significant increase in end‐systolic elastance (a load‐independent parameter of LV performance) and stroke work (Fig. [4](#stem2198-fig-0004){ref-type="fig"}B, [4](#stem2198-fig-0004){ref-type="fig"}C), LV dP/dt~max~ and dP/dt~min~ (Fig. [4](#stem2198-fig-0004){ref-type="fig"}D, [4](#stem2198-fig-0004){ref-type="fig"}E), and cardiac output and stroke volume (Fig. [4](#stem2198-fig-0004){ref-type="fig"}F, [4](#stem2198-fig-0004){ref-type="fig"}G) compared with the vehicle group. Thus, although EF was not increased, load‐independent measures of LV performance were improved by PC‐hCSCs but not by hCSCs.

![Hemodynamic analysis. At 39 days after cell transplantation, hemodynamic measurements were performed using a Millar catheter in the vehicle control group (*n* = 16), hCSC group (*n* = 11), and PC‐hCSC group (*n* = 14). Data are means ± SEM. *\**, *p* \< .05; *^\#^*, *p* \< .01 versus vehicle group. Abbreviation: hCSCs, human cardiac stem cells.](STEM-33-3596-g004){#stem2198-fig-0004}

### Morphometric Analysis {#stem2198-sec-0008}

The effects of hCSC transplantation on LV remodeling were evaluated by Masson\'s trichrome staining as described previously [11](#stem2198-bib-0011){ref-type="ref"}. As illustrated in Figure [5](#stem2198-fig-0005){ref-type="fig"} and Supporting Information Figure S9, morphometric analysis demonstrated that there were no appreciable differences among the three groups with respect to the size of the region at risk (expressed as a percentage of the left ventricle), indicating that the magnitude of the ischemic insult was comparable in all groups (Supporting Information Fig. S9). The administration of PC‐hCSCs was associated with a reduction in scar area: in mice that received PC‐hCSCs, the scar area (34.4% ± 6.1% of the region at risk) was smaller than that in the corresponding vehicle‐treated group (57.1% ± 3.9%; *p* \< .01; Fig. [5](#stem2198-fig-0005){ref-type="fig"}D); the scar area in mice treated with hCSCs (45.8% ± 3.5%) was also smaller than that in the vehicle‐treated group (57.1% ± 3.9%; *p* \< .05; Fig. [5](#stem2198-fig-0005){ref-type="fig"}D). Both the hCSC group and PC‐hCSC group showed an increase in the amount of viable myocardium in the region at risk (Fig. [5](#stem2198-fig-0005){ref-type="fig"}E). However, the thickness of the LV anterior (infarcted) wall was increased (Fig. [5](#stem2198-fig-0005){ref-type="fig"}F) and the LV expansion index was decreased only in the PC‐hCSC group (Fig. [5](#stem2198-fig-0005){ref-type="fig"}G). In summary, both hCSCs and PC‐hCSCs reduced scar tissue and increased viable tissue, but the salubrious effects of PC‐hCSCs on LV remodeling were greater than those of hCSCs.

![Morphometric analysis of LV remodeling after hCSC transplantation. **(A--C)**: Representative Masson\'s trichrome‐stained myocardial sections from mice injected with vehicle (A), hCSCs (B), or cobalt protoporphyrin‐preconditioned hCSCs (C). Scar tissue and viable myocardium are identified in blue and red, respectively. **(D--G)**: Quantitative analysis of LV morphometric parameters as indicated. LV expansion index = (LV cavity area/LV total area)/(noninfarcted region wall thickness/risk region wall thickness). Values are means ± SEM. *\**, *p* \< .05; ^\#^, *p* \< .01 versus vehicle group. Abbreviations: hCSCs, human cardiac stem cells; LV, left ventricular.](STEM-33-3596-g005){#stem2198-fig-0005}

### PC‐hCSCs Promote Endogenous Cardiac Regeneration {#stem2198-sec-0009}

In order to identify newly formed cells, BrdU was infused continuously for 39 days with miniosmotic pumps beginning at the time of vehicle or hCSC infusion and continuing until euthanasia, as described previously [11](#stem2198-bib-0011){ref-type="ref"}. Evidence for formation of new myocytes was provided by the colocalization of α‐sarcomeric actin (α‐SA) and BrdU. Representative images of LV sections stained with antibodies for both α‐SA and BrdU are shown in Figure [6](#stem2198-fig-0006){ref-type="fig"}A--[6](#stem2198-fig-0006){ref-type="fig"}E. Quantitative analysis revealed that the total number of newly formed cells (indicated by the incorporation of BrdU) in the risk region was significantly greater in PC‐hCSC‐treated hearts than in either vehicle‐treated hearts or hCSC‐treated hearts (Fig. [6](#stem2198-fig-0006){ref-type="fig"}F). There were no statistical differences in the total numbers of newly formed cells positive for BrdU or newly formed cells expressing cardiac markers (α‐SA/BrdU double positive cells) in the remote region (Supporting Information Fig. S10). However, the total content of newly formed cells expressing cardiac markers (α‐SA^+^/BrdU^+^ cells) in the risk region was significantly higher in the PC‐hCSC group than in either the vehicle or control hCSC group (Fig. [6](#stem2198-fig-0006){ref-type="fig"}G).

![Proliferation of endogenous cells following hCSC transplantation. Mice received BrdU beginning at the time of cell transplantation and continuing until euthanasia (for 39 days). Positivity for BrdU (white) in representative confocal microscopic images obtained from the infarcted region identifies newly formed cells **(A--E)**: α‐SA is red. Nuclei were stained with DAPI (blue). Yellow arrows indicate cells positive for BrdU, α‐SA, and DAPI. **(F)**: Quantitative analysis of the number of BrdU‐positive cells (total newly formed cells) at 39 days after vehicle or cell transplantation. **(G)**: Quantitative analysis of the number of BrdU/α‐SA double positive cells (newly formed cells with apparent commitment to myocytic differentiation) at 39 days after vehicle or cell transplantation. Values are means ± SD. The risk region comprises both the border zones and the scar region. Abbreviations: hCSCs, human cardiac stem cells; LV, left ventricular; α‐SA, α‐sarcomeric actin.](STEM-33-3596-g006){#stem2198-fig-0006}

PC‐hCSCs Exhibit Enhanced Proliferation and Differentiation After Transplantation {#stem2198-sec-0010}
---------------------------------------------------------------------------------

The human origin of cells in myocardial sections was evidenced by immunolabeling for eGFP, and evidence for proliferation of hCSCs was provided by the colocalization of eGFP and BrdU (Supporting Information Fig. S11). The total content of newly formed human cells (eGFP/BrdU double positive cells) in the risk region was significantly higher in the PC‐hCSC group than in the hCSC group (60.2 ± 16.2 vs. 22.1 ± 5.3 per 10^4^ nuclei, *p* \< .05 Supporting Information Fig. S11E). Differentiation of transplanted hCSCs into a cardiogenic lineage was evaluated by the presence of eGFP and HNA double positive cells that expressed alpha‐sarcomeric actin (GFP^+^HNA^+^α‐SA^+^). As shown in Figure [2](#stem2198-fig-0002){ref-type="fig"} and Supporting Information Figure S11, at 39 days after cell transplantation, the majority of surviving hCSCs were not differentiated into a cardiogenic lineage; they were negative for alpha‐sarcomeric actin (no sarcomeres were evident) and the cell size was quite small. However, a few cells exhibited positive staining for all three markers (GFP^+^HNA^+^α‐SA^+^), which is indicative of cardiomyocytic commitment (Fig. [7](#stem2198-fig-0007){ref-type="fig"}A--[7](#stem2198-fig-0007){ref-type="fig"}D). These cells, derived from human CSCs, were also positive for the cardiomyogenesis marker, GATA‐4, as evidenced by triple staining for GATA‐4/HNA/α‐SA (Supporting Information Fig. S12A--S12D, yellow arrow). Quantitative analysis showed that the total number of GFP^+^HNA^+^α‐SA^+^ triple positive cells in the risk region was significantly greater in the PC‐hCSC group than in the hCSC control group (Fig. [7](#stem2198-fig-0007){ref-type="fig"}E). However, the absolute numbers were very small (\<10 cells per 10^5^ nuclei), indicating that these cells were exceedingly rare (Fig. [7](#stem2198-fig-0007){ref-type="fig"}E). Similarly, the total number of hCSC‐derived cells positive for GATA‐4/HNA/α‐SA staining was significantly higher in the PC‐hCSC group than in the hCSC group (Supporting Information Fig. S12E), but, again, the numbers were exceedingly small. These cells were found exclusively in the risk area; no hCSC‐derived cells expressing cardiac markers were seen in the remote area (data not shown). Collectively, these results suggest that PC‐hCSCs have an enhanced ability to proliferate and to form cells that express cardiac markers; however, these cells do not acquire the phenotype of mature myocytes and their numbers are extremely small.

![Differentiation of hCSCs at 39 days after transplantation. **(A--D)**: Representative confocal microscopic images show the differentiation of transplanted hCSCs after 39 days of transplantation. Shown is the immunofluorescent detection of eGFP (green) (A), HNA (white) (B), α‐sarcomeric actin (α‐SA, red) (C), and nuclear DAPI (blue) in the risk region of hearts that received PC‐hCSCs. The yellow arrow indicates a cardiomyocyte that is positive for eGFP, HNA, and α‐SA. The purple arrow indicates a nondifferentiated human cell negative for α‐SA, but positive for both GFP and HNA. Insets are enlarged cell images indicating newly formed cardiomyocytes derived from hCSCs. **(E)**: Quantitative analysis of the number of GFP/HNA/α‐SA triple positive cells. Data are means ± SD. The risk region comprises both the border zones and the scar region. Abbreviations: GFP, green fluorescent protein; hCSCs, human cardiac stem cells; HNA, human nuclear antigen; α‐SA, α‐sarcomeric actin.](STEM-33-3596-g007){#stem2198-fig-0007}

Analysis of Proteins Related to Myocardial Apoptosis, Angiogenesis, and Calcium Handling Capacity in Formalin‐Fixed and Paraffin‐Embedded Heart Tissue {#stem2198-sec-0011}
------------------------------------------------------------------------------------------------------------------------------------------------------

In order to further investigate the mechanism of the therapeutic benefits afforded by CoPP‐preconditioned hCSCs, we performed Western blot analysis of tissue lysates extracted from formalin‐fixed and paraffin‐embedded (FFPE) heart tissue samples obtained from the border zone. Based on previously described protocols [30](#stem2198-bib-0030){ref-type="ref"} and our pilot studies, tissue lysates extracted from FFPE blocks should allow recovery of ∼70% of antigens for Western blot. We examined the protein expression of BCL2, MCL1, BAX, and BAD (related to apoptosis), angiopoietin‐1 (related to angiogenesis), and SERCA2 (related to calcium handling) in 14 samples (four for the vehicle group and five for both the hCSC and PC‐hCSC groups). As shown in Supporting Information Figure S13, there were no significant differences among the three groups in the expression of any of the proteins examined.

Discussion {#stem2198-sec-0012}
==========

Although preconditioning hCSCs with the HO‐1 inducer, CoPP, enhances resistance to cell death in vitro [27](#stem2198-bib-0027){ref-type="ref"}, it is unknown whether transplantation of CoPP‐preconditioned hCSCs in infarcted myocardium results in a significant increase in hCSC numbers and greater LV functional and structural improvement. This study was undertaken to answer this question.

Our results can be summarized as follows: (a) in this immunodeficient mouse model of acute MI, intramyocardial injection of 5 × 10^5^ CoPP‐preconditioned hCSCs resulted in significantly greater numbers of cells remaining in the recipient heart at 24 hours, 7 days, and 35 days after injection compared with mice given nonpreconditioned hCSCs; (b) compared with nonpreconditioned cells, administration of CoPP‐preconditioned hCSCs resulted in greater improvement in LV remodeling (greater reductions in anterior LV wall thinning, LV expansion index, end‐diastolic LV volume, and posterior LV wall thinning) as well as in greater improvement in regional function in the infarcted region and in various parameters of global LV function; (c) these salubrious effects were associated with greater cell proliferation, greater formation of new cells that expressed cardiac‐specific proteins, and greater differentiation of transplanted cells into myocytes. Taken together, these results indicate that CoPP‐preconditioned hCSCs are more efficacious than unmodified hCSCs in the treatment of post‐MI LV dysfunction.

One of the major challenges associated with stem cell therapy is the poor survival of transplanted stem cells [14](#stem2198-bib-0014){ref-type="ref"}, [15](#stem2198-bib-0015){ref-type="ref"}. Various approaches have been used to overcome this problem, including preconditioning stem cells by genetic or pharmacologic manipulations or by exposing them to in vitro conditions that mimic the harsh environment of an ischemic heart. Preconditioning can be induced by a variety of techniques including (but not limited to) in vitro hypoxia [31](#stem2198-bib-0031){ref-type="ref"}, exposure to SDF‐1 [32](#stem2198-bib-0032){ref-type="ref"}, and over‐expression of HO‐1 [33](#stem2198-bib-0033){ref-type="ref"}. In general, all these methods have been found to enhance the post‐transplantation survival and therapeutic potential of the cells. Quantitative comparison of the effectiveness of the various methods is difficult because of variable models and protocols in various laboratories. In this study, we pretreated hCSCs with CoPP, an HO‐1 inducer. The rationale for selecting this small molecule was its known cytoprotective actions [25](#stem2198-bib-0025){ref-type="ref"} as well as its ability to protect the heart from ischemic damage in both normal and diabetic rats [26](#stem2198-bib-0026){ref-type="ref"}. Our results indicate that pretreatment of hCSCs with CoPP is a simple, safe, and effective intervention to augment the utility of CSC therapy.

Traditional methods to assess cell retention, including counting immunostained cells on tissue sections, are imprecise and laborious. Here, we used a highly sensitive and accurate method, based on real‐time PCR detection of a human‐specific gene [14](#stem2198-bib-0014){ref-type="ref"}, [28](#stem2198-bib-0028){ref-type="ref"}, to determine the number of exogenous hCSCs that remain in the heart after transplantation. Our results show that in the hCSC group, there was a rapid disappearance of transplanted nonpreconditioned hCSCs, with more than 95% of them being lost after 7 days (Fig. [1](#stem2198-fig-0001){ref-type="fig"}F and Supporting Information Fig. S3B). These results are consistent with our previous studies of mouse and rat CSCs [9](#stem2198-bib-0009){ref-type="ref"}, [14](#stem2198-bib-0014){ref-type="ref"}, [15](#stem2198-bib-0015){ref-type="ref"} as well as with those obtained by others with other stem cells, all of which have shown low initial retention and almost complete disappearance after a few weeks [33](#stem2198-bib-0033){ref-type="ref"}, [34](#stem2198-bib-0034){ref-type="ref"}, [35](#stem2198-bib-0035){ref-type="ref"}. However, following preconditioning of hCSCs with CoPP, greater numbers of hCSCs were observed at all the time points, with an approximately fivefold increase at 24 hours, an approximately fourfold increase at 7 days, and an approximately eightfold increase at 35 days following cell transplantation compared with the nonpreconditioned cell group (Fig. [1](#stem2198-fig-0001){ref-type="fig"}F and Supporting Information Fig. S3B). Similar data were obtained with the traditional method of immunostaining for either GFP or HNA (Fig. [2](#stem2198-fig-0002){ref-type="fig"}).

In a previous study [14](#stem2198-bib-0014){ref-type="ref"} in which we monitored the retention and engraftment of mouse CSCs in the murine heart following intramyocardial injection, we found that that \>75% of the CSCs present at 5 minutes were lost in the ensuing 24 hours; only 7.6% ± 2.1% of the CSCs present at 5 minutes could still be found at 7 days after injection, and only 2.8% ± 0.5% at 35 days. Thus, even after direct intramyocardial injection, the number of CSCs that remained in the murine heart was minimal. This study was performed to determine whether preconditioning human CSCs significantly increases cell retention. Using nonpreconditioned human CSCs, we observed that \>80% of the hCSCs present at 5 minutes were lost in the 24 hours after intramyocardial injection, which is comparable to the loss of mouse CSCs observed previously [14](#stem2198-bib-0014){ref-type="ref"}. In contrast, for the human CSCs preconditioned with CoPP, we found that the number of cells that remained in the mouse heart at 24 hours after intramyocardial injection was ∼102% of those present at 5 minutes. Approximately 13% of the hCSCs present at 5 minutes could still be found at 7 days after injection, which is significantly more than nonpreconditioned hCSC group at the same time, and 1.35% ± 0.72% of the CSCs present at 5 minutes could still be found at 35 days (Fig. [1](#stem2198-fig-0001){ref-type="fig"}F and Supporting Information Fig. S3B), which is also significantly more than the nonpreconditioned hCSCs group. Taken together, these results show that the number of CoPP‐preconditioned hCSCs that remain in the donor heart is greater than that of nonpreconditioned hCSCs (although, in absolute terms, both numbers are minuscule), indicating greater survival and/or proliferation.

Extensive preclinical studies have been conducted which provide evidence for the capacity of c‐kit^+^ CSCs to improve cardiac function after MI [4](#stem2198-bib-0004){ref-type="ref"}, [6](#stem2198-bib-0006){ref-type="ref"}, [9](#stem2198-bib-0009){ref-type="ref"}, [11](#stem2198-bib-0011){ref-type="ref"}, [15](#stem2198-bib-0015){ref-type="ref"}, [18](#stem2198-bib-0018){ref-type="ref"}, [36](#stem2198-bib-0036){ref-type="ref"}, [37](#stem2198-bib-0037){ref-type="ref"}. The results of SCIPIO, the first study of these cells in humans, are also encouraging [12](#stem2198-bib-0012){ref-type="ref"}, [13](#stem2198-bib-0013){ref-type="ref"}. The mechanism by which exogenous c‐kit^+^ CSCs (and stem/progenitor cells in general) improve cardiac function, however, remains unclear. This data indicate that most hCSCs transplanted into the mouse heart do not survive long‐term irrespective of whether they are preconditioned or nonpreconditioned, although retention was better for CoPP‐preconditioned hCSCs (Fig. [1](#stem2198-fig-0001){ref-type="fig"}). In addition, only few cells positive for GFP or HNA were found to express cardiomyocyte markers (α‐sarcomeric actin) (Fig. [7](#stem2198-fig-0007){ref-type="fig"} and Supporting Information Fig. S12), making it difficult to argue that cardiomyogenic differentiation of transplanted hCSCs occurs in the recipient heart in a functionally meaningful manner. Despite their poor engraftment and differentiation, however, both CoPP‐preconditioned and nonpreconditioned hCSCs significantly improved LV EF compared with the vehicle control (Figs. [3](#stem2198-fig-0003){ref-type="fig"}A, [4](#stem2198-fig-0004){ref-type="fig"}A). The clear dissociation between cell number and functional improvement observed here provides cogent evidence to support the concept that the major mechanism whereby the transplanted CoPP‐preconditioned hCSCs improve LV function must involve paracrine actions that modulate the function of adjacent cells. Numerous studies have demonstrated that stem cells contribute to tissue repair and regeneration by releasing growth factors, including cytokines and chemokines, in a dynamic spatial‐temporal manner that can promote donor cell survival, angiogenesis, tissue repair, and remodeling [17](#stem2198-bib-0017){ref-type="ref"}, [38](#stem2198-bib-0038){ref-type="ref"}, [39](#stem2198-bib-0039){ref-type="ref"}, [40](#stem2198-bib-0040){ref-type="ref"}, [41](#stem2198-bib-0041){ref-type="ref"}, [42](#stem2198-bib-0042){ref-type="ref"}, [43](#stem2198-bib-0043){ref-type="ref"}. Emerging evidence suggests that transplanted c‐kit^+^ CSCs also function in a paracrine manner [2](#stem2198-bib-0002){ref-type="ref"}, [9](#stem2198-bib-0009){ref-type="ref"}, [15](#stem2198-bib-0015){ref-type="ref"}, [44](#stem2198-bib-0044){ref-type="ref"}, [45](#stem2198-bib-0045){ref-type="ref"}. Our previous in vitro study has shown that CoPP‐preconditioning of hCSCs induces a global increase in cytokine release [27](#stem2198-bib-0027){ref-type="ref"}. The increased number of BrdU‐positive cells as well as BrdU‐positive cells expressing cardiac proteins in the risk region of hearts receiving PC‐hCSCs (Fig. [6](#stem2198-fig-0006){ref-type="fig"}F, [6](#stem2198-fig-0006){ref-type="fig"}G) may reflect augmentation of endogenous repair mechanisms by the transplanted PC‐hCSCs [2](#stem2198-bib-0002){ref-type="ref"}, [7](#stem2198-bib-0007){ref-type="ref"}.

Although we did not find any significant difference in myocardial levels of proteins related to apoptosis, angiogenesis, and calcium handling at 35 days (Supporting Information Fig. S13), these data must be interpreted with caution because of several reasons, including the nonuniformity of the border zone samples (which may underlie the large variance observed), the limited number of samples (caused by the fact that most hearts were used for pathological analysis), and the timing of sample harvest (35 days after transplantation, when changes in protein expression may have already subsided). However, even if we had found a significant change in one or more proteins, we could not conclude that that is the mechanism of the benefits afforded by PC‐hCSCs; the change in protein level(s) may be simply an epiphenomenon that is not causally related to the beneficial effects of cell therapy. The number of potential paracrine mechanisms is very large and includes secretion of growth factors, cytokines, miRs, exosomes, and so forth, all of which may modulate many different functions of the host myocardium. Identification of the specific molecular mechanisms whereby CoPP‐preconditioned hCSCs improve LV function is a formidable challenge that will require an extensive investigative effort.

Despite the increased cell retention in the heart and the greater improvement in LV remodeling associated with PC‐hCSCs, preconditioning of hCSCs did not improve all measures of LV function. Compared with mice treated with nonpreconditioned cells, LV EF was not increased by preconditioning, although regional function and load‐independent parameters of contractility were improved. The lack of a more striking difference between PC‐hCSCs and hCSCs may reflect an inherently small increase in effectiveness, the overwhelming extent of cell loss after transplantation (which may have precluded beneficial effects of preconditioning from becoming manifest), or the relatively short follow‐up of 35 days. Longer observation periods will be necessary to determine the effectiveness of CoPP preconditioning of hCSCs. It is important to note that EF is a load‐dependent variable and that load‐independent variables, which are more accurate parameters to assess cardiac contractility, were improved more by preconditioned cells than by nonpreconditioned cells (Fig. [4](#stem2198-fig-0004){ref-type="fig"}). Thus, although CoPP preconditioning did not increase EF versus nonpreconditioned CSCs, end‐systolic elastance was significantly improved only by PC‐hCSCs. Moreover, hemodynamic studies showed that other load‐dependent variables (stroke work, LV dP/dt~max~, LV dP/dt~min~, cardiac output, and stroke volume) were significantly improved by PC‐hCSCs but not by hCSCs. Thus, the totality of evidence supports the conclusion that PC‐hCSCs are more efficacious than hCSCs in alleviating post‐MI LV dysfunction.

Conclusions {#stem2198-sec-0013}
===========

In conclusion, this study demonstrates that preconditioning hCSCs with a small molecule, CoPP, leads to a significant increase in cell survival and/or proliferation after transplantation in the infarcted heart, a greater attenuation of LV remodeling, and an improvement of many indices of cardiac function, suggesting that exposing cells to CoPP prior to transplantation may enhance the effectiveness of cell therapy for heart disease. The mechanism(s) responsible for the improved outcome with CoPP‐preconditioned CSCs remain to be defined. HO‐1 is a multifaceted protein that exerts a plethora of beneficial actions [46](#stem2198-bib-0046){ref-type="ref"}. Given the poor survival of transplanted cells, and our in vitro data indicating that preconditioning hCSCs induces a global increase in cytokine release [27](#stem2198-bib-0027){ref-type="ref"}, it is likely that paracrine actions involving multiple growth factors and trophic factors acting in synergy are involved in the reparative actions of PC‐hCSCs.
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